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Hydrogen  production  technologies  play  an  important  role  in  the  hydrogen  economy  of  China.  However, 
the  roles  of  different  technologies  played  in  promoting  the  development  of  hydrogen  economy  are 
different.  The  role  prioritization  of  various  hydrogen  production  technologies  is  of  vital  importance  for 
the  stakeholders/decision-makers  to  plan  the  development  of  hydrogen  economy  in  China  and  to 
allocate  the  finite  R&D  budget  reasonably.  In  this  study,  DPSIR  framework  was  firstly  used  to  identify  the 
key  factors  concerning  the  priorities  of  various  hydrogen  production  technologies;  then,  a  fuzzy  group 
decision-making  method  by  incorporating  fuzzy  AHP  and  fuzzy  TOPSIS  was  proposed  to  prioritize  the 
roles  of  different  technologies.  The  proposed  method  is  capable  of  allowing  multiple  groups  of 
stakeholders/decision-makers  to  participate  in  the  decision-making  and  addressing  problems  with 
uncertainty  and  imprecise  information.  The  prioritization  results  by  using  the  proposed  method 
demonstrated  that  the  technologies  of  coal  gasification  with  C02  capture  and  storage  and 
hydropower-based  water  electrolysis  were  regarded  as  the  two  most  important  hydrogen  production 
pathways  for  promoting  the  development  of  hydrogen  economy  in  China  among  the  five  assessed 
technologies. 
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1.  Introduction 

The  total  number  of  automotive  vehicles  in  China  is  forecasted 
to  reach  300  millions  units  in  2050;  and  the  corresponding 
increase  in  the  consumption  of  fossil  fuel  could  lead  to  serious 
environmental  problems  [1],  Hydrogen  fuel  cell  vehicles  are 
regarded  as  a  promising  alternative  to  solve  the  severe  energy 
and  environmental  problems  caused  by  the  excessive  use  of  fossil 
fuel  for  transportations  [2,3].  Accordingly,  China  is  making  great 
effort  to  promote  the  exploitation  and  application  of  hydrogen 
energy  with  the  aim  of  not  only  satisfying  the  hydrogen  demand  of 
the  conventional  chemical  industry,  but  also  achieving  successful 
transition  to  hydrogen  economy  [4], 

China  is  the  world's  largest  hydrogen  consumer,  accounting  for 
about  22%  of  the  total  amount  of  world’s  total  hydrogen  consump¬ 
tion  [5],  Ma  et  al.  [6]  estimated  that  the  total  demand  of  hydrogen 
in  China  is  between  25.110  and  70.5376  Mtce  in  2050.  In  China, 
hydrogen  is  mainly  used  in  two  areas:  the  conventional  chemical 
industry  (i.e.  the  production  of  ammonia  and  methanol)  and 
commercial  purpose  (i.e.  hydrogen  fuel  cell  vehicles  and  food 
processing).  It  was  estimated  that  around  12.42  million  tons 
hydrogen  was  produced  on-site  for  the  conventional  chemical 
industry  in  2007,  among  which,  57.3%  was  from  coal,  23.0%  was 
from  natural  gas,  and  19.7%  was  from  oil.  Form  the  aspect  of 
application,  75.8%  was  used  as  feedstock  for  the  production  of 
ammonia,  10.5%  was  for  the  production  of  methanol,  13.7%  was  for 
oil  refining,  respectively  [7],  Compared  to  the  conventional  chemi¬ 
cal  industry,  the  amount  of  hydrogen  used  for  the  commercial 
purpose  is  very  small,  merely  5%  of  the  total  produced  hydrogen  [7], 

Hydrogen  production  is  the  key  step  for  hydrogen  economy 
since  hydrogen  is  an  energy  carrier  similar  to  electricity  that 
must  be  produced  from  the  primary  energy  resources  [8].  Many 
methods  can  be  used  for  hydrogen  production  e.g.  biomass 
gasification  [9-13],  steam  methane  reforming  [14-16],  coal  gasifi¬ 
cation  [17-20],  biological  technologies  [21-23],  water  electrolysis 
[24-26],  and  other  new  emerging  technologies  such  as  thermo¬ 
chemical  cycles  by  solar  energy  [27],  supercritical  water  gasifica¬ 
tion  of  biomass  [28]  and  photoelectrolysis  [29].  In  China,  the 
majority  of  the  hydrogen  is  produced  by  coal  gasification,  reform¬ 
ing  of  natural  gas  and  oil,  and  water  electrolysis.  The  new 
emerging  alternative  approaches  by  using  renewable  resources 
as  feedstock  (i.e.  biomass  gasification  and  biomass  pyrolysis)  or  by 
combining  with  some  other  renewable  or  low-carbon  energies  for 
hydrogen  production  (i.e.  solar  power  based  electrolysis  of  water 
and  nuclear-based  high  temperature  electrolysis)  are  still  under 
the  pilot  stage  [30], 

According  to  the  above  analysis,  it  is  obvious  that  hydrogen 
economy  in  China  is  still  under  the  infant  stage  although  China's 
administration  has  made  significant  effort  on  promoting  the  devel¬ 
opment  of  hydrogen  economy.  China  is  a  developing  country,  and 
economic  performance  is  usually  the  first  target  to  be  considered  for 
any  market  behaviors.  At  present,  the  cost  of  hydrogen  is  still  high 
in  China,  which  has  a  significant  negative  effect  on  the  hydrogen 
economy  in  China,  especially  on  the  consumers'  acceptability.  Han 
et  al.  [31  ]  pointed  out  that  the  current  high  cost  of  hydrogen  for  fuel 
cell  vehicles  is  one  of  the  necessaries  that  need  to  be  resolved  for 
the  successful  commercialization  of  hydrogen  fuel  cell  vehicles  in 
China.  Yao  et  al.  [4]  estimated  that  the  cost  for  hydrogen  production 
by  coal  gasification,  natural  gas  steam  reforming,  and  water 


electrolysis  is  8.34  Yuan/kg,  6.82  Yuan/kg,  and  12.16  Yuan/kg, 
respectively.  Feng  et  al.  [1]  investigated  the  life  cycle  cost  of 
hydrogen  for  fuel  cell  vehicles  in  Beijing,  and  the  two  scenarios, 
i.e.  methanol  reforming  onboard  and  coal  gasification  (hydrogen  gas 
cylinder  by  truck),  were  regarded  as  the  best  plans  with  the  cost  of 
14.68  Yuan  RMB/kg  and  14.74  Yuan  RMB/kg,  respectively.  As  for  the 
economic  performance  of  hydrogen  based  on  new  emerging  alter¬ 
native  technologies,  Liu  et  al.  [30]  estimated  that  the  cost  of 
hydrogen  by  the  first  solar-hydrogen  system  is  96.6  Yuan  RMB/ 
Nm3.  Lv  et  al.  [32]  reported  that  the  cost  of  hydrogen  based  on 
the  biomass  gasification  is  only  around  1.22  Yuan  RMB/Nm3.  It  is 
obvious  that  different  hydrogen  production  pathways  have  different 
economic  performances.  Similarly,  they  also  have  different  perfor¬ 
mances  on  environmental  issues,  technological  concerns,  social- 
political  aspects,  etc.  Therefore,  the  priorities  and  roles  of  the 
various  hydrogen  production  technologies  to  China's  stakeholders/ 
decision-makers  are  different.  It  is  of  vital  importance  to  provide  a 
reliable  method  for  assessing  and  prioritizing  various  hydrogen 
production  technologies  that  the  stakeholders/decision-makers  can 
employ  to  plan  the  development  of  hydrogen  economy  in  China  and 
to  allocate  the  finite  R8;D  budget  reasonably. 

The  assessment  and  prioritization  of  hydrogen  production 
technologies  has  to  incorporate  various  evaluation  criteria  con¬ 
cerning  different  aspects,  i.e.  technical,  economic,  environmental, 
and  social-political  aspects.  Accordingly,  it  is  a  typical  multi¬ 
criteria  decision-making  (MCDM)  problem  and  has  been  studied 
in  a  variety  of  literatures.  Ren  et  al.  [33]  developed  a  fuzzy  multi¬ 
actor  multi-criteria  decision  making  method  for  sustainability 
assessment  of  biomass-based  technologies  for  hydrogen  produc¬ 
tion.  Manzardo  et  al.  [34]  developed  a  grey-based  group  decision¬ 
making  methodology  for  selecting  the  most  sustainable  hydrogen 
production  technologies  in  the  life  cycle  perspective.  McDoWall 
and  Eames  [35]  used  an  expert-stakeholder  multi-criteria  map¬ 
ping  approach  to  assess  the  environmental,  social  and  economic 
sustainability  of  six  possible  hydrogen  energy  systems  for  UK. 
Pilavachi  et  al.  [36]  used  an  analytical  hierarchy  process  to 
evaluate  various  hydrogen  production  methods.  Heo  et  al.  [37] 
and  Lee  et  al.  [38]  used  fuzzy  analytical  hierarchy  processes  to 
assess  the  different  hydrogen  production  methods.  Chang  et  al. 
[39]  adopted  a  fuzzy  Delphi  method  for  evaluating  the  different 
hydrogen  production  technologies.  Lee  et  al.  [40]  developed  a 
hybrid  multi-criteria  decision-making  method  by  integrating  the 
analytical  hierarchy  process  and  data  envelopment  analysis  to 
measure  the  relative  efficiency  of  hydrogen  energy  technologies. 
These  studies  are  helpful  for  the  stakeholders/decision-makers  to 
have  a  better  understanding  of  different  hydrogen  production 
technologies  and  to  select  the  most  sustainable  or  the  most 
preferred  hydrogen  production  technologies,  and  thus  all  these 
methodologies  can  be  referred  for  prioritizing  the  roles  of  different 
hydrogen  production  technologies  for  promoting  the  development 
of  hydrogen  economy  in  China.  However,  an  improved  method 
that  can  address  two  problems  is  more  preferred.  First,  the 
improved  method  is  expected  to  be  capable  of  determining  the 
criteria  system  for  the  assessment  of  various  technologies  based 
on  the  real  requests  of  the  stakeholders/decision-makers.  Second, 
the  ability  of  the  methodology  for  addressing  uncertainties, 
imprecision  and  group  decision-making  has  to  be  realized  for 
the  practical  assessment  and  role  prioritization. 
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As  for  the  criteria  system,  it  is  essential  and  prerequisite  for 
the  successful  prioritization  to  establish  a  complete  criteria  sys¬ 
tem,  which  significantly  affects  the  accuracy  of  the  assessment 
[41,42],  The  criteria  system  for  the  assessment  of  hydrogen 
production  technologies  has  been  studied  in  many  literatures. 
However,  the  criteria  established  in  these  studies  cannot  be  used 
directly,  because  the  purpose  of  this  study  is  to  prioritize  the 
different  hydrogen  production  technologies  for  planning  the 
development  of  hydrogen  economy  in  China.  Accordingly,  the 
criteria  should  consider  not  only  the  current  status  of  hydrogen 
economy  in  China,  but  also  China's  actual  conditions  and  the 
preferences/willingness  of  the  stakeholders.  Therefore,  the  criteria 
system  in  this  study  should  be  object-oriented,  which  requires  a 
methodology  that  can  aid  the  stakeholders/decision-makers  to 
identify  the  key  criteria  for  assessing  various  technologies. 

Due  to  the  availability  and  uncertainty  of  the  relative  informa¬ 
tion  as  well  as  the  vagueness  of  human’s  feeling  and  recognition, 
the  judgment  of  the  decision  makers  is  usually  difficult  to  be 
directly  represented  by  crisp  numbers,  and  it  is  also  difficult  for 
the  stakeholder/decision-makers  to  evaluate  the  performance  of 
some  criteria  by  using  exact  numerical  values  [42,43],  They  rather 
use  linguistic  terms  to  address  the  criteria  and  the  weights  of  the 
criteria  subjectively. 

Fuzzy  set  theory  has  the  ability  to  address  the  problems  under 
uncertainties  and  imprecision  by  transferring  vagueness  provided 
by  linguistic  values  to  quantification  represented  by  crisp  numbers 
[43],  When  solving  the  multi-criteria  decision  making  problems 
under  uncertainties  and  imprecision,  it  is  usually  combined  with 
the  multi-criteria  decision  making  methods  such  as  technique  for 
order  preference  by  similarity  to  ideal  solution  (TOPS1S)  [44]  and 
analytic  hierarchy  process  (AHP).  Various  fuzzy  extensions  of 
TOPSIS  and  AHP  have  been  developed  by  combining  fuzzy  set 
theory  in  the  literatures  [45-50]  to  address  the  linguistic  assess¬ 
ments  in  the  multi-criteria  decision  making  problems  with  retain¬ 
ing  the  thoughts  of  the  conventional  TOPSIS  and  AHP. 

Besides  uncertainty  and  imprecision,  many  important  decision¬ 
making  problems  have  to  deal  with  group  decisions,  i.e.  decisions 
made  by  organizations  or  certain  groups  [51].  Prioritizing  the 
hydrogen  production  technologies  is  one  of  the  most  significant 
tasks  for  hydrogen  development  in  regional  or  national  levels,  and 
multiple  actors,  organizations  and  groups  should  be  invited  to 
participate  in  the  decision-making.  Therefore,  it  is  urgent  that  the 
developed  methodology  for  prioritizing  the  hydrogen  production 
technologies  is  able  to  allow  group  stakeholders/decision-makers 
to  participate  in  the  process. 

In  this  paper,  ten  criteria  regarding  the  four  aspects  of  the 
hydrogen  production  technologies  in  China  were  firstly  obtained 
based  on  Drivers-Pressures-State-Impact-Response  analysis. 
Subsequently,  a  novel  methodology  by  combining  fuzzy  AHP  and 
fuzzy  TOPSIS  was  proposed  for  prioritizing  the  hydrogen  produc¬ 
tion  technologies,  which  enables  group  stakeholders/decision¬ 
makers  to  participate  in  the  process  of  decision-making  and  is 
capable  of  addressing  uncertainty  and  imprecision  by  allowing 
stakeholders/decision-makers  to  use  linguistic  terms  for  describ¬ 
ing  the  importance  of  the  criteria  and  the  performance  of  the 
alternatives  with  respect  to  each  criterion 


2.  Criteria  system  for  assessing  the  hydrogen  production 
technologies 

In  this  section,  an  object-oriented  method  by  integrating  Drivers- 
Pressures-State-Impact-Response  (DPSIR)  analysis  framework  was 
employed  for  determining  the  criteria  for  the  prioritization  of  a 
variety  of  hydrogen  production  technologies  in  China. 


2.3.  DPSIR  framework 

The  framework  of  DPSIR  analysis  was  developed  by  the 
Organization  of  Economic  CO-operation  and  Development  for 
gathering  information  in  an  analytical  and  causal  way,  which  is 
able  to  differentiate  the  causes,  effects  as  well  as  human  measures 
and  responses  that  control  the  impacts  to  the  end  users  [52,53], 
It  is  a  method  derived  from  Pressure-State-Response  (PSR)  and 
Diver-State-Response  (DSR)  [54,55]  that  can  help  decision¬ 
making  by  structuring  and  organizing  indicators  to  various 
decision-makers  [56,57],  DPSIR  framework  was  originally  devel¬ 
oped  for  environmental  reporting  purposes  by  investigating  the 
cause-effect  relationships  between  environmental  and  human 
systems  [58],  Recently,  it  has  been  widely  used  in  several  other 
fields,  e.g.  water  resources  [59]  and  transportation  network  [60], 
In  this  study,  it  was  used  to  analyze  the  cause-effect  relationships 
in  the  hydrogen  economy  of  China  with  the  aim  to  identify  the  key 
factors  concerning  the  priorities  of  the  various  hydrogen  produc¬ 
tion  technologies  in  China. 

As  illustrated  in  Fig.  1,  DPSIR  framework  consists  of  five 
components,  i.e.  Drivers,  Pressures,  State,  Impact  and  Responses 
[58,61  j. 

•  Drivers  are  the  underlying  causes.  Therefore,  they  refer  to  the 
reasons  for  developing  hydrogen  production  technologies  in 
China,  e.g.  the  social,  economic  and  environmental  benefits  by 
developing  hydrogen  production  technologies.  Two  typical  exam¬ 
ples  are  the  increase  of  hydrogen  fuel  cell  vehicles  demands  and 
energy  security. 

•  Pressures  are  the  consequences  of  the  drivers.  The  pressures 
mainly  refer  to  the  negative  impacts  on  environmental,  social 
and  technical  aspects  caused  by  the  divers.  For  instance,  the 
increase  of  fuel  cell  vehicles  could  cause  the  shortage  of 
hydrogen  supply  and  environmental  contaminations. 

•  State  represents  the  status  of  hydrogen  economy  with  respect 
to  economic,  environmental,  social  and  technical  aspects 
affected  by  the  pressures.  For  example,  the  shortage  of  hydro¬ 
gen  is  an  indictor  reflecting  the  incompletion  of  hydrogen 
infrastructures,  which,  therefore,  can  be  regarded  as  an  indi¬ 
cator  to  depict  the  state  of  hydrogen  economy  in  China. 

•  Impact  refers  to  the  macro-effects  on  economic,  environmental, 
social  and  technical  aspects  by  changing  the  current  state  of 
hydrogen  economy  in  China. 

•  Responses  demonstrates  the  actions  implemented  by  the 
society  (stakeholders/decision-makers)  to  prevent,  eliminate 
or  compensate  the  negative  impacts,  such  as  policies,  regula¬ 
tions  and  plans. 
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2.2.  Method  for  criteria  identification 

The  criteria  identification  by  integrating  DISIR  framework  is 
composed  of  three  main  steps:  DPSIR  analysis  of  hydrogen 
economy  in  China,  factor  transformation,  and  criterion  screening. 

Step  1:  DPSIR  analysis  of  Hydrogen  economy  in  China.  In  this 
step,  the  representative  stakeholders/decision-makers/experts, 
e.g.  as  senior  engineers  from  hydrogen  industry,  experts  from 
the  government-funded  research  institutes,  professors  whose 


expertise  is  hydrogen  energy,  administrative  executors  from  the 
energy  sector,  drivers  of  hydrogen  fuel  cell  vehicles,  were  invited 
to  attend  a  colluquisium  for  discussing  and  analyzing  the  hydro¬ 
gen  economy  in  China  using  DPSIR  framework.  In  the  colluqui¬ 
sium,  statistics,  reports,  books  and  papers  were  provide  to  the 
participants;  and  the  objective  of  this  colluquisium  and  the 
principle  of  DPSIR  framework  were  presented  to  them  in  detail. 
Subsequently,  they  were  asked  to  think  about  the  “Drivers” 
in  hydrogen  economy  of  China,  and  then  to  determine  the 
“Pressures”,  “State”,  “Impact”  and  “Responses”  according  to  the 


Increase  of  fuel  cell 
vehicles 


Mitigation  of  GHGs 


Economic 

development 


Low  reliability 


Fig.  2.  DPSIR  framework  of  the  hydrogen  economy  in  China. 
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Table  1 

Criterion  system  for  the  assessment  of  hydrogen  production  technologies. 


Aspect 

Criteria 

Abbreviation 

Reference 

Technical  (T) 

Technology  maturity 

C, 

[33] 

Technology  reliability  &  stability 

C2 

[33] 

Feedstock  renewability 

C3 

Defined  in  this  study 

Economic  (EC) 

Cost  per  unit  of  H2 

C4 

[36] 

Market  share 

C5 

[33] 

Contribution  to  GDP 

C6 

Defined  in  this  study 

Environmental  (EN) 

Contribution  to  GHG  mitigation 

C7 

[33] 

Social-political  (SP) 

Contribution  to  energy  security 

C8 

Defined  in  this  study 

Social  acceptability 

C9 

[33] 

Degree  of  government  support 

Cio 

Defined  in  this  study 

cause-effect  relationships  existing  in  the  hydrogen  economy  of 
China.  The  organizer  recorded  the  results  and  drew  the  DPSIR 
framework  of  the  hydrogen  economy  in  China  according  to  the 
results. 

Step  2:  Factor  transformation.  In  this  step,  the  factors  in 
“Drivers”,  “Pressures”,  “State”,  “Impact”  and  “Responses”  were 
transformed  into  criteria  in  four  aspects,  i.e.  economic,  envir¬ 
onmental,  technical  and  social-political  aspects.  For  instance, 
the  factor  “energy  security"  in  “Drivers”  could  be  transformed 
into  the  criterion  of  “contribution  for  energy  security”  belong¬ 
ing  to  political-social  aspect.  The  purpose  of  this  step  is  to 
determine  all  the  criteria  concerning  the  development  of 
hydrogen  economy  in  China. 

Step  3:  Criterion  screening.  The  purpose  of  this  step  is  to  screen 
the  independent  criteria  related  to  the  assessment  of  hydrogen 
production  technologies  as  some  interactions  may  exist  between 
the  factors  determined  in  step  2.  Moreover,  some  factors  con¬ 
cerning  hydrogen  storage,  hydrogen  transportation  and  hydrogen 
applications,  which  have  little  relationships  with  the  hydrogen 
production,  may  be  incorporated  in  step  2.  Thus,  it  is  necessary  to 
screen  the  criteria  according  to  the  actual  conditions. 

2.3.  Criteria  system 

By  completing  the  three  steps  of  the  DPSIR  framework  of  the 
hydrogen  economy  in  China  (as  shown  in  Fig.  2),  the  criteria  system 
for  the  prioritization  of  hydrogen  production  technologies  in  China 
was  determined  in  Table  1,  which  includes  10  criteria  in  4  aspects. 

2.3.1.  Economic  aspect 

There  are  three  criteria  in  the  economic  aspect,  i.e.  cost  per  unit 
of  H2,  market  share,  and  contribution  to  Cross  Domestic  Produc¬ 
tion  (GDP). 

(1 )  Cost  per  unit  ofH2.  It  represents  the  total  cost  including  capital 
cost,  operation  and  maintenance  cost,  feedstock  cost,  and 
production  cost  for  producing  a  unit  of  H2. 

(2)  Market  share.  It  is  a  measure  of  the  potential  sales  of  the 
hydrogen  produced  by  each  technology. 

(3)  Contribution  to  GDP.  It  is  a  criterion  to  measure  the  effect  of 
each  hydrogen  production  technology  on  promoting  the 
economic  development  of  the  local  region. 


2.3.2.  Environmental  aspect 

Contribution  to  Greenhouse  gas  (GHG)  mitigation  is  the  only 
criterion  in  the  environmental  aspect. 

(1)  Contribution  to  GHG  mitigation.  It  is  a  measure  of  the  effect 
of  different  hydrogen  production  technologies  for  providing 


hydrogen  to  fuel  cell  vehicles  on  GHG  mitigation  comparing  to 
the  use  of  fossil  fuels  in  a  life  cycle  perspective. 

2.3.3.  Technical  aspect 

Technical  aspect  is  composed  of  three  criteria,  i.e.  technology 

maturity,  technology  reliability  &  stability,  and  feedstock  renewability. 

(1)  Technology  maturity.  It  is  a  measure  of  the  maturity  degree  of 
each  hydrogen  production  technology  referring  to  how  wide¬ 
spread  and  how  proficiently  that  each  technology  could  be 
used  at  both  international  and  national  levels. 

(2)  Technology  reliability  &  stability.  It  is  a  criterion  to  measure  the 
resistance  and  robustness  of  each  hydrogen  production  tech¬ 
nology  against  failure. 

(3)  Feedstock  renewability.  It  is  a  measure  of  the  renewable 
potential  of  the  feedstock  of  each  technology. 


2.3.4.  Social-political  aspect 

The  social-political  aspect  consists  of  three  criteria,  i.e.  con¬ 
tribution  to  energy  security,  social  acceptability,  and  degree  of 
government  support. 

(1)  Conti'ibution  to  energy  security.  It  is  a  measure  of  the  effect  of 
each  hydrogen  production  technology  on  the  diversity  of 
national  energy  supply.  New  hydrogen  production  technologies 
are  usually  beneficial  to  the  diversity  of  national  energy  supply. 

(2)  Social  acceptability.  The  concept  of  social  acceptability  is 
defined  as  the  overview  of  the  opinions  on  the  hypothesized 
realization  of  the  hydrogen  production  projects  using  different 
technologies  by  the  local  residents. 

(3)  Degree  of  government  support.  It  is  a  measure  of  the  relevance 
of  each  hydrogen  production  technology  to  the  policies, 
regulations,  law  and  plans  drafted  by  the  governments. 

3.  Methods 

3.1.  Fuzzy  theory 

Since  the  judgments  of  the  stakeholders/decision-makers  are 
usually  in  vague,  subjective  and  uncertain  ways,  it  is  difficult  to  use 
crisp  values  to  describe  their  preferences.  At  these  cases,  linguistic 
variables  have  to  be  used  to  deal  with  the  problems  that  cannot  be 
defined  quantitatively  [46,48], 

Linguistic  variables  refer  to  variables  whose  values  are  defined 
by  words  or  sentences  in  a  natural  or  artificial  language  [62-64], 
Each  linguistic  variable  can  be  assigned  one  or  more  linguistic 
terms,  which  are  in  turn  connected  to  numeric  values  through  the 
mechanism  of  membership  functions  [63,64],  Fuzzy  numbers  are 
usually  more  adequate  than  real  number  to  be  used  for  connecting 
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the  linguistic  terms  [46],  Fuzzy  numbers  are  a  fuzzy  subset  of  real 
numbers,  representing  the  expansion  of  the  idea  of  the  confidence 
interval  [62],  The  properties  of  fuzzy  numbers  were  introduced  as 
follows. 


Definition  1.  A  fuzzy  set,  a,  is  in  a  universe  of  discourse  X 
characterized  by  a  membership  function  pd(x),  which  associates 
with  each  element  x  in  X,  a  real  number  in  the  interval  [0,1].  The 
function  value  represents  the  grade  of  membership  of  x  in  a.  The 
triangular  fuzzy  number  is  usually  used  in  fuzzy  study,  and  a  can 
be  defined  by  a  triplet  ( aL,aM,au ).  Its  conceptual  mathematical 
and  schema  form  are  shown  in  Eq.  (1)  and  Fig.  3,  respectively, 


^d(*) = 


0  x<aL 


aL  <x<aM 
aM  <x<au 


0  x  >  au 


(1) 


Definition  2.  The  operational  laws  of  two  triangular  Fuzzy  num¬ 


bers,  a  =  (aL,  aM,  au)  and  b  =  (bL,  bM,  bu) 

a+b  =  (aL,aM,au)+(bL,bM,bu)  =  (aL+bL,aM+bM,au+bu)  (2) 

a-b  =  (aL,  aM,  au)  =  (bL,bM,bu)  =  ( aL  -bu,aM  -bM,au  -bL)  (3) 

a  x  b  =  ( aL,aM,au )  x  (bL,  bM.bu)  =  (a1  •  bL,aM  ■  bM,au  ■  bu)  (4) 

a/b  =  (aL,aM,  au)/(bL ,  bM,bu)  =  (aL/bu ,aM /bM ,au /bL)  (5) 

ka  =  k  x  (aL,  aM,  au)  =  ( kaL ,  kaM,  kau )  (6) 

(a)-1  =  (l/au,  l/aM,  l/al)  (7) 

where  aL,aM,au,bL,bM,bu  are  positive  herein. 


Definition  3.  The  distance  between  d  =  (aL,aM.au)  and  b  = 
(bL,bM,bu) 


can  be  determined  by  Eq.  (8). 
d(a,b)  =  -  bL)2  +(aM  -  bM)2  +  ( au  -  bu)2] 


(8) 


3.2.  Fuzzy  group  decision  making  method 

3.2A.  Fuzzy  analytic  hierarchy  process 

Analytic  hierarchy  process  (AHP)  is  a  powerful  tool  for  deter¬ 
mining  the  priorities  among  various  criteria  with  different  impor¬ 
tances  [49],  The  first  step  of  fuzzy  AHP  is  to  determine  the  pair¬ 
wise  comparison  matrices  by  assigning  the  linguistic  terms  to  the 
comparison  matrix  according  to  the  relative  importance  of  the 
criteria  [62]  (Eq.  (9)). 

The  linguistic  variables  assigned  in  the  comparison  matrices 
can  be  determined  according  to  the  linguistic  scale  for  comparison 
matrices,  and  the  triangular  fuzzy  numbers  are  used  to  describe 
the  linguistic  scale,  as  shown  in  Table  2.  The  pair-wise  comparison 
can  be  determined  according  to  Table  2 


l 

a12  ■ 

■  5ln 

1 

a12 

'  Qln 

A  = 

a2i 

1 

■  d2n 

= 

l/di2 

1 

■  a2n 

dnl 

dn2  ’ 

1 

1/finl 

l/^2n 

■  1 

where 


1,  3,  5,  7,  9  criterioniisrelativeimportancetocriterionj 

Oij  =  <  ,=J 

3  1,5_1,7  ' ,  9  1  criterion/isrelativeimportancetocriterioni 

According  to  the  geometric  mean  technique  developed  by 
Buckley  [56],  the  fuzzy  geometric  mean  and  fuzzy  weight  of  each 
criterion  can  be  calculated  by  Eqs.  (10)  and  (11),  respectively. 

fj  =  (djj  x  dj2—  x  ajn) I/n  (10) 


0)j  =  fj  x  (f1+f2  +  -  +  f„) 


(ID 


where  fj  is  the  geometric  mean  of  the  fuzzy  comparison  values  of 
j-th  criterion  to  other  criteria,  and  Wj  represents  the  fuzzy  weight 
of  the  j-th  criterion 

Assuming  a  group  of  decision  makers  participate  in  the 
decision-making,  the  fuzzy  comparison  matrix  and  the  weighting 
vector  determined  by  the  fc-th  decision-maker  can  be  determined 
by  Eqs.  (12)  and  (13),  respectively. 


wk  = 


1 

d\2 

a2i 

1 

~k 

~k 

ani 

«n2 

(  ~k 

~  k 

®  1 

,0)n. 

(12) 


(13) 


Table  2 

Linguistic  scale  for  the  comparison  matrix  [62]. 


Fuzzy  number 

Linguistic  scales 

Abbreviation 

Scale  of  the  fuzzy  number 

1 

Equally  important 

EQ 

(1,1,3) 

3 

Weakly  important 

WE 

(1,3,5) 

5 

Essentially  important 

ES 

(3,5,7) 

7 

Very  strong  important 

VS 

(5,7,9) 

9 

Absolutely  important 

AB 

(7,9,9) 

Reciprocal 

Reciprocal  of  all  above 

LEQ,  LWE,  LES,  LVS,  LAB 

With  the  reciprocal  of  the  above 
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where  djk  is  the  weight  of  the  j-th  criterion  determined  by  the  k-th 
decision-maker. 


respectively. 

Ak+  =  (v\+,v^+,  -,vk+  \ 


(22) 


3.2.2.  Fuzzy  TOPSIS  methodology  and  group  decision-making 

In  the  conventional  TOPSIS  method,  the  priority  sequence  of 
the  alternatives  is  arranged  according  to  the  idea  that  the  best 
alternative  should  have  the  shortest  distance  to  the  ideal  solution 
and  the  largest  distance  to  the  anti-ideal  solution.  The  method  of 
fuzzy  TOPSIS  by  combining  TOPSIS  and  fuzzy  theory  [47,49,63,64] 
is  able  to  allow  multiple  decision-makers  to  participate  in  the 
decision-making,  and  therefore,  has  been  popularized  to  solve  the 
group  decision-making  problems.  The  procedure  of  the  Fuzzy 
TOPSIS  used  in  this  paper  can  be  divided  into  9  steps  as  follows. 

Step  1  Assuming  that  L  experts  or  L  groups  of  representative 
experts  were  invited  to  participate  in  the  decision  making,  the 
fuzzy  decision  making  matrix  given  by  the  k-th  decision-maker 
can  be  expressed  by  Eq.  (14). 


Ci 
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c„ 

xk 

Aii 

xk 

*12 
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xk 

*21 

xk 
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••  *2  n 
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xk  ■ 

*m2 

-  *m„ 

where  x|  =  (xjpx|M,xjju) 

Step  2  Using  the  fuzzy  AHP  to  determine  the  relative  importance 
of  each  criterion,  the  weighting  coefficient  of  the  j-th  criterion 
determined  by  the  k-th  expert  can  be  expressed  by  Eq.  (15), 


=  maxvj! ,/'  =  1.2,  n 

i  ,J 

(23) 

=  (v*—.vir.-.v  *— ) 

(24) 

=  min  vkj  ,j  =  1,2,  •••,  n 

(25) 

Step  6  Calculating  the  distance  between  each  alternative  to  the 
fuzzy  positive-ideal  solution  and  fuzzy  negative-ideal  solution 
by  Eqs.  (26)  and  (27),  respectively. 

dk+  =  £  d(v|,vjf+)  ,i=  l,2,-,m  (26) 

}=  1 

dk~  =  £  d(Vy,vf~)  ,i=  l,2,-,m  (27) 

i  =  i 


Step  7  Calculating  the  closeness  coefficient  by  Eq.  (28) 


(28) 


where  CCk  is  the  closeness  coefficient  of  the  i-th  alternative 
determined  by  the  k-th  expert. 

Step  8  Calculating  the  integrated  closeness  coefficient  accord¬ 
ing  to  Eq.  (29). 


cbk  =  (af.aP'.a#1) 


(15) 


Step  3  Normalizing  the  fuzzy  decision  making  matrix  by  follow¬ 
ing  the  transformation  formulas  shown  in  Eqs.  (16)— (19). 
The  obtained  normalized  decision  making  matrix  is  as  Eq.  (20). 
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ykl  _ 
Amin 

=  minx|f  ,j  e  C 

i  J 

(19) 

where 

B=  {Beneficial  criterial  the  higher  the  value  of  the  criteria, 
the  better  it  would  be} 

C={Cost  criterial  the  lower  the  value  of  the  criteria,  the 
better  it  would  be  } 


R  =  I?, jin 


(20) 


cc,= 


(29) 


where  CC,  is  the  integrated  closeness  coefficient  of  the  i-th 
alternative. 

Step  9  Ranking  the  order  of  the  alternatives  according  to  the 
principle  that  the  better  alternative  has  a  larger  integrated 
closeness  coefficient. 


4.  Prioritization  of  the  hydrogen  production  technologies 


4.3.  Hydrogen  technologies  for  prioritization 


There  are  various  technologies  for  hydrogen  production  that 
can  use  different  resources  as  the  feedstock.  Since  the  purpose  of 
this  study  is  to  prioritize  the  role  of  various  hydrogen  production 
technologies  in  the  development  of  hydrogen  economy  in  China, 
the  authors  only  considered  the  technologies  that  have  the 
potential  to  produce  hydrogen  in  large  scale  in  order  to  make  this 
study  useful  and  meaningful  for  guiding  hydrogen  practice  in 
China.  According  to  the  suggestions  of  several  experts  in  the  field 
of  hydrogen  energy,  five  alternative  hydrogen  production  technol¬ 
ogies  were  studied  in  this  paper. 


Step  4  Calculating  the  weighted  fuzzy  normalized  decision 
making  matrix  by  Eq.  (21). 
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(21) 


Scenario  1:  Steam  methane  reforming  (SMR). 

Scenario  2:  Coal  gasification  with  C02  capture  and  storage 
(CGCCS). 

Scenario  3:  Nuclear-based  high  temperature  electrolysis 
(NHTE). 

Scenario  4:  Biomass  gasification  (BG). 

Scenario  5:  Hydropower-based  water  electrolysis  (HWE). 


Step  5  Determining  the  fuzzy  positive-ideal  solution  and 
fuzzy  negative-ideal  solution,  according  to  Eqs.  (22)-(25), 


The  framework  for  prioritizing  the  different  hydrogen  produc¬ 
tion  technologies  using  the  proposed  method  was  illustrated  in 
Fig.  4.  In  this  study,  five  hydrogen  production  technologies 
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Fig.  4.  Procedure  of  the  group  decision-making  for  prioritizing  hydrogen  produc¬ 
tion  technologies  by  using  the  combined  fuzzy  AHP  and  fuzzy  TOPSIS  approach. 


including  SMR,  CGCCS,  NHTE,  BG,  and  HWE  were  assessed  and 
prioritized,  and  10  criteria,  i.e.  technology  maturity  (Cr),  technol¬ 
ogy  reliability  &  stability  (C2),  feedstock  renewability  (C3),  cost  per 
unit  of  H2  (C4),  market  share  (C5),  contribution  to  GDP  (C6), 
contribution  to  GHG  mitigation  (C7),  contribution  to  energy 
security  (C8),  social  acceptability  (C9),  and  degree  of  government 
support  (C10)  were  considered.  Three  groups  of  stakeholders/ 
decision-makers,  who  are  the  representatives  of  hydrogen 
researchers,  hydrogen  producers,  and  hydrogen  planners,  respec¬ 
tively,  have  been  invited  to  participate  in  the  decision-making 
process.  Among  the  three  groups  of  representative  participants, 
the  hydrogen  researchers  (DM#1)  consist  of  professors,  senior 
researchers  and  Ph.D.  students  from  several  famous  universities  of 
China  in  the  fields  of  renewable  energy  and  hydrogen  energy.  The 
hydrogen  producers  (DM#2)  are  multiple  engineers  from  different 
renewable  energy  companies  and  chemical  factories.  The  hydro¬ 
gen  planners  (DM#3)  comprise  a  group  of  investors  and  admin¬ 
istrative  executors  from  the  local  government.  A  coordinator  was 
nominated  for  each  group  to  help  the  representatives  to  collect  the 
opinions  of  the  participants.  The  coordinator  was  responsible  for 
organizing  a  colluquisium  to  achieve  a  consensus,  in  which,  he/she 
was  required  to  firstly  propose  a  result  according  to  the  published 
papers,  books,  and  technical  reports,  then  inquire  the  experts  to 
achieve  a  consensus  according  to  their  opinions. 

4.2.  Weight  calculation 

Fuzzy  AHP  was  firstly  used  to  determine  the  weight  of  each 
criterion,  which  is  the  prerequisite  to  prioritize  various  hydrogen 
production  technologies  by  using  fuzzy  TOPSIS.  The  three  groups 


of  representative  experts  were  asked  to  determine  the  comparison 
matrix  regarding  the  four  different  assessment  aspects,  and  the 
comparison  matrices  with  respect  to  various  criteria  in  each  aspect 
(Table  3).  It  is  notable  that  only  one  criterion  (contribution  to  GHG 
mitigation)  exists  in  the  environmental  aspect,  therefore,  the  local 
weight  of  contribution  to  GHG  mitigation  with  respect  to  the 
environmental  aspect  is  1. 

Herein,  the  comparison  matrix  of  the  four  aspects  determined 
by  DM#1  (Table  3)  is  selected  as  an  example  to  illustrate  the 
method  of  fuzzy  AHP  for  the  weight  calculation,  which  were 
transformed  into  the  fuzzy  numbers  in  Table  4.  Subsequently, 
the  geometric  mean  of  the  fuzzy  comparison  value  (GMFCV)  of 
each  aspect  was  calculated  according  to  Eq.  (10).  For  instance, 
GMFCV  of  the  technical  aspect  (T)  to  other  aspects  is  [(1,1,  l)x 
(1/5, 1/3,1)  x  (1  /9, 1/7, 1/5)  x  (1/3,  l,l)]1/4  =  (0.29, 0.47, 0.67).  By 
following  the  same  procedure,  the  GMFCV  of  the  other  three 
aspects  was  also  determined  (Table  4).  Then,  the  fuzzy  weights 
of  the  four  aspects  could  be  calculated  according  to  Eq.  (11).  For 
example,  the  weight  of  the  technical  aspect  is 

(0.29,0.47,0.67) 

(0.29, 0.47, 0.67)  +  (0.88, 1.50, 2.43)+(2.24, 3.48, 4.49)  +  (0.35, 0.41. 0.67) 

=  (0.04,0.08,0.18). 

Similarly,  the  local  weights  of  the  criteria  in  each  aspect  can 
also  be  calculated,  and  the  overall  weight  of  each  criterion  is  the 
product  of  the  weight  of  the  corresponding  aspect  and  the  local 
weight  of  the  criterion,  the  results  are  summarized  in  Table  5. 

In  order  to  investigate  what  the  stakeholders/decision-makers 
care  for,  the  fuzzy  weights  of  the  four  aspects  and  the  overall  fuzzy 
weights  of  each  criterion  determined  by  each  group  of  represen¬ 
tative  experts  were  defuzzied  by  the  CoG  method  [65],  For 
instance,  the  fuzzy  weight  of  the  technical  aspect  determined  by 
DM#1  is  (0.04,  0.08,  0.18),  it  could  be  defuzzied  by  (0.04+2x 
0.08  +  0. 18)/4  =  0.10.  Thus,  its  crisp  weight  is  0.10.  The  crisp 
weights  of  the  four  aspects  and  the  crisp  weights  of  each  criterion 
obtained  by  defuzzying  the  fuzzy  weights  of  the  four  aspects  and 
the  global  weights  of  each  criterion  are  presented  in  Figs.  5  and  6, 
respectively. 

According  to  Fig.  5,  it  is  apparent  that  all  the  representative 
experts  hold  the  same  view  that  economic  and  environmental 
priorities  are  the  two  main  pillars  in  the  assessment  of  hydrogen 
production  technologies  although  DM#1  regarded  that  the  environ¬ 
ment  aspect  is  the  most  important,  whereas  the  economic  aspect 
was  regarded  as  the  most  preferred  by  both  DM#2  and  DM#3. 

According  to  Fig.  6,  the  preference  and  willingness  of  the 
experts  could  be  specified.  DM#1  held  the  view  that  cost  per  unit 
of  H2  (C4),  market  share  (C5)  and  contribution  to  GHG  mitigation 
(C7)  are  the  top  three  concerns,  and  contribution  to  GHG  mitiga¬ 
tion  is  the  most  important  criterion.  DM#2  also  considered  that  C4, 
C5,  and  C7  are  the  top  three  concerns,  but  cost  per  unit  of  H2  (C4)  is 
the  most  important  criterion.  Different  form  DM#1  and  DM#2, 
DM#3  thought  that  C5,  C6  and  C7  should  be  given  the  top 
priorities,  and  C6  is  the  most  important  criterion. 

It  is  reasonable  that  the  weights  determined  by  different  group 
of  experts  are  not  same  since  the  stakeholders/decision-makers  from 
different  groups  have  diverse  preferences  and  willingness.  This  is  just 
the  reason  that  group  decision-making  is  suggested  in  this  study  as 
hydrogen  economy  in  China  involves  polytrophic  interests. 

4.3.  Croup  decision-making  on  prioritizing  hydrogen  production 
technologies 

In  this  section,  fuzzy  TOPSIS  was  used  for  prioritizing  the  five 
hydrogen  production  technologies,  i.e.  SMR,  CGCCS,  NHTE,  BG  and 
HWE.  Firstly,  the  decision-making  matrices  were  determined  in 
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Table  3 

The  comparison  matrices  of  the  four  aspects. 

DM#1  DM#2  DM#3 
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Table  4 

The  comparison  matrix  of  the  four  aspects  and  the  corresponding  parameters  determined  by  DM#1  using  fuzzy  numbers. 


T 

EC 

EN 

SP 

T 

(u,D 

(1/5,  1/3,  1) 

(1/9,  1/7,  1/5) 

(1/3, 1,1) 

EC 

(1,3,5) 

(U,l) 

(1/5,  1/3,  1) 

(3,5,7) 

EN 

(5,  7,  9) 

(1,3  ,5) 

(1,1,1) 

(5,7,9) 

SP 

(1,1,3) 

(1/7,  1/5,  1/3) 

(1/9,  1/7,  1/5) 

(U,1) 

GMFCV 

(0.29,  0.47,  0.67) 

(0.88.  1.50,2.43) 

(2.24,  3.48,  4.49) 

(0.354,0.41,0.67) 

Weights 

(0.04,0.08,0.18) 

(0.11,0.26,0.65) 

(0.27,0.59,  1.20) 

(0.04,0.07,  0.18) 

Step  1  as  described  in  Section  3.2.2.  During  the  process,  the 
representative  experts  were  asked  to  assess  the  performance  of 
the  different  hydrogen  production  technologies  with  respect  to 
each  criterion  by  using  the  linguistic  variables  presented  in 
Table  6.  Then,  the  linguistic  variables  were  transformed  into  fuzzy 
numbers.  The  coordinator  of  each  group  was  required  to  collect 
the  views  of  the  experts  in  the  representative  group  to  which  he/ 


she  belongs,  and  then  Delphi  method  [66,67]  was  used  to  achieve 
consistency  in  each  group.  Consequently,  the  performances  of 
these  hydrogen  production  technologies  with  respect  to  each 
criterion  assessed  by  the  three  groups  of  representative  decision¬ 
makers  were  determined.  The  results  determined  by  DM#1  are 
presented  in  Table  7  as  an  example.  Then,  the  decision-making 
matrices  using  fuzzy  numbers  determined  by  the  three  groups 
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Table  5 

The  weights  of  the  four  aspects,  the  local  and  overall  weights  of  each  criterion  in  each  aspect  determined  by  DM#1. 


Aspect 

Weight 

Criterion 

Local  weight 

Overall  weight 

Technical 

(0.04,  0.08,  0.18) 

C, 

(0.32,  0.47,  0.96) 

(0.01,  0.04,  0.17) 

c2 

(0.22,  0.47,  0.67) 

(0.01,  0.04,  0.12) 

c3 

(0.04,  0.07,  0.11) 

(0.001,  0.01,  0.02) 

Economic 

(0.11,  0.26,  0.65) 

C4 

(0.38,  0.67, 1.13) 

(0.04,  0.17,  0.73) 

C5 

(0.16,  0.26,  0.45) 

(0.02,  0.07,  0.29) 

C6 

(0.05,  0.07,  0.13) 

(0.01,  0.02,  0.08) 

Environmental 

(0.27,  0.59,  1.20) 

C7 

(1.00,1.00,1.00) 

(0.27,  0.59,  1.20) 

Social-political 

(0.04,  0.07,  0.18) 

C8 

(0.56,  0.79,  1.08) 

(0.02,  0.06,  0.19) 

C9 

(0.08,  0.15,  0.25) 

(0.003,  0.01,  0.05) 

Cio 

(0.05,  0.07,  0.13) 

(0.002,  0.005,  0.023) 

Fig.  5.  Crisp  weights  of  the  four  aspects  determined  by  the  three  groups  of 
representative  decision-makers. 
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Fig.  6.  Crisp  weights  of  the  criteria  determined  by  the  three  groups  of  representa¬ 
tive  decision-makers. 


Table  6 

Linguistic  variables  used  for  evaluating  the  performance  of  hydrogen  production 
technologies. 


Linguistic  variables 

Abbreviation 

Fuzzy  number 

Worst 

WT 

(0,1,1) 

Worse 

WE 

(1.1,3) 

Bad 

BD 

(1,3,5) 

Medium 

MM 

(3,5,7) 

Good 

GD 

(5,7,9) 

Better 

BR 

(7,9,9) 

Best 

BT 

(9.10,10) 

of  experts  could  also  be  obtained  by  transforming  the  linguistic 
terms  into  fuzzy  numbers.  For  illustration,  Table  8  listed  the 
decision-making  matrix  using  fuzzy  numbers  determined 
by  DM#1. 

Subsequently,  according  to  the  overall  weights  of  the  criteria 
and  the  fuzzy  decision  making  matrices,  fuzzy  TOPS1S  was  used  to 
rank  the  priority  sequence  of  the  five  alternative  technologies  and 
the  results  are  shown  in  Fig.  7.  Finally,  the  integrated  closeness 
coefficients  of  the  five  hydrogen  production  technologies  are 
calculated  as  shown  in  Fig.  8. 

According  to  the  priority  sequences  ranked  by  the  three  groups 
of  representative  experts  (Fig.  7),  coal  gasification  with  C02 
capture  and  storage  (CGCCS)  was  recognized  as  the  most  suitable 


Table  7 

The  performances  of  various  hydrogen  production  technologies  with  respect  with 
each  criterion  evaluated  by  DM#1  with  linguistic  variables. 
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Cio 
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BT 

BR 

Table  S 

The  performances  of  various  hydrogen  production  technologies  with  respect  to 
each  criterion  assessed  by  DM#1  using  fuzzy  numbers. 
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Fig.  7.  Local  closeness  coefficients  of  the  five  hydrogen  production  technologies 
ranked  by  the  three  groups  of  representative  decision-makers. 

hydrogen  production  technology  for  China  by  DM#1,  followed  by 
nuclear-based  high  temperature  electrolysis  (NHTE),  hydropower- 
based  water  electrolysis  (HWE),  biomass  gasification  (BG),  and 
steam  methane  reforming  (SMR).  While  the  priority  sequences 
ranked  by  DM#2  and  DM#3  are  {HWE,  CGCCS,  NHTE,  BG,  SMR} 
and  {CGCCS,  HWE,  SMR,  NHTE,  BG},  respectively.  It  is  apparent 
that  the  priority  sequences  determined  by  the  three  groups  are  all 
different.  Accordingly,  group  decision-making  approach,  which 
can  incorporate  the  opinions  of  all  the  representative  decision- 


J.  Ren  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  41  (2015)  1217-1229 


1227 


Fig.  8.  Integrated  closeness  coefficients  of  the  five  hydrogen  technologies. 


makers,  has  to  be  used  for  determining  the  ultimate  priority 
sequence. 

According  to  the  integrated  closeness  coefficients  of  the  five 
hydrogen  production  technologies  (Fig.  8),  the  final  priority 
sequence  by  considering  the  integrated  opinions  of  all  the  experts 
is  {CGCCS,  HWE,  NHTE,  SMR,  BG}.  The  results  are  believed  to  be 
consistent  with  the  current  conditions  of  China.  China  is  the  third- 
largest  coal  reserve  country  in  the  world  behind  the  United  States 
and  Russia  [68].  Therefore,  coal  is  predicted  to  play  an  important 
role  in  the  future  hydrogen  economy  of  China  because  of  its 
abundance  and  low  market  price  [7],  Except  the  excellent  eco¬ 
nomic  performance  of  coal  gasification  technology  for  hydrogen 
production,  the  implement  of  C02  capture  and  storage  makes  the 
production  of  hydrogen  by  the  coal  gasification  technology 
environment-friendly  and  also  have  high  social  acceptability. 
Therefore,  it  is  reasonable  that  CGCCS  is  regarded  as  the  most 
important  and  suitable  technology.  Similarly,  China  was  the 
world's  largest  producer  of  hydroelectric  power  in  2010  with  the 
electricity  generation  of  714  TWh  [69].  HWE  for  hydrogen  produc¬ 
tion  is  not  only  relatively  cheap,  but  also  environmental-friendly; 
its  large  potential  dominates  its  role  in  the  future  hydrogen 
economy  of  China.  It  is  notable  that  SMR  was  assessed  to  have 
low  suitability  for  the  hydrogen  production  in  China,  while  it  has 
been  regarded  as  the  most  suitable  for  hydrogen  production  in 
Korea  [70],  The  main  reason  for  this  difference  is  the  shortage  and 
high  price  of  natural  gas  in  China  [7],  The  distribution  of  natural 
gas  in  China  is  highly  uneven  across  the  country  and  China  also 
lacks  the  infrastructures  such  as  long-distance  pipelines  for  its 
transportation,  which  limits  the  consumption  of  natural  gas  in 
China  [68].  Moreover,  most  of  hydrogen  from  natural  gas  in  China 
is  used  for  ammonia  and  petroleum  industries  instead  of  the 
commercialization  for  hydrogen  economy  [68]. 


5.  Discussion  and  conclusion 

The  transition  to  hydrogen  economy  is  believed  to  be  one  of  the 
best  solutions  for  mitigating  the  severe  problems  in  energy  supply 
security  and  environmental  contamination  of  China  [71],  The 
prioritization  of  hydrogen  production  technologies  is  not  only 
beneficial  for  planning  the  development  of  hydrogen  economy  in 
China,  but  also  for  allocating  finite  R&D  budgets  reasonably  and 
scientifically.  In  order  to  help  the  stakeholders/decision  to  have  a 
better  understanding  of  the  roles  of  different  hydrogen  production 
technologies  in  promoting  the  development  of  hydrogen  economy 
in  China,  a  multi-actor  multi-criteria  decision  making  methodol¬ 
ogy  was  proposed  in  this  study. 

An  integrated  DPSIR  framework  was  firstly  employed  to 
identify  the  key  criteria  for  the  assessment  of  various  hydrogen 
production  technologies,  in  which,  the  cause-effect  relationships 
in  the  development  of  hydrogen  economy  in  China  was  analyzed 
and  all  the  key  factors  were  identified.  Subsequently,  the  factors  in 
“Drivers”,  “Pressures”,  “State”,  “Impact”  and  “Responses”  were 


transformed  into  criteria  that  were  categorized  into  economic, 
environmental,  technical  and  social-political  aspects,  respectively. 

Then,  a  group  decision-making  method  by  integrating  fuzzy 
AHP  and  fuzzy  TOPSIS  was  used  to  prioritize  the  hydrogen 
production  technologies,  in  which,  fuzzy  AHP  is  used  for  calculat¬ 
ing  the  weights  of  the  criteria,  and  fuzzy  TOPSIS  is  used  to 
prioritize  the  hydrogen  production  technologies.  The  proposed 
decision-making  method  has  several  advantages:  (1)  it  is  capable 
of  allowing  multiple  stakeholders/decision-makers  to  participate 
in  the  decision-making;  (2)  it  is  an  object-oriented  method  that 
can  identify  the  best  scenario  for  the  stakeholders/decision¬ 
makers  according  to  their  preferences/willingness  and  the  actual 
conditions;  and  (3)  linguistic  variables  are  allowed  to  be  used  to 
evaluate  the  importance  of  the  criteria  and  to  assess  the  perfor¬ 
mances  of  the  alternatives  with  respect  to  each  criterion.  There¬ 
fore,  the  method  can  address  problems  with  uncertainty  and 
imprecise  information. 

Five  hydrogen  production  technologies  i.e.  steam  methane 
reforming,  coal  gasification  with  C02  capture  and  storage, 
nuclear-based  high  temperature  electrolysis,  biomass  gasification, 
and  hydropower-based  water  electrolysis  were  assessed  and 
prioritized  by  the  proposed  method.  During  the  process,  three 
groups  of  representative  decision-makers  were  invited  to  partici¬ 
pate  in  the  decision-making.  The  results  demonstrated  that  the 
weights  with  respect  to  the  criteria  and  the  priority  sequences 
ranked  by  different  groups  are  different  due  to  their  different 
preferences  and  willingness.  Accordingly,  the  final  priority 
sequence  of  the  five  hydrogen  production  technologies  was 
determined  by  calculating  the  integrated  closeness  coefficients. 

The  overall  priority  sequence  determined  is  CGCCS  >  HWE  > 
NHTE  >  SMR  >  BG.  CGCCS  and  HWE  is  predicted  to  play  an 
important  role  in  the  future  hydrogen  economy  of  China  for  the 
abundance  and  low  cost  of  their  feedstock  and  good  environmen¬ 
tal  performance  of  the  technologies,  which  fits  well  with  the 
current  conditions  of  China. 

Finally,  several  points  are  noteworthy  about  this  study.  ( 1 )  The 
prioritization  is  based  on  the  current  conditions  of  China  and  also 
the  preferences  of  the  participants.  With  the  development  of 
hydrogen  technologies,  the  result  is  up  to  change.  (2)  The  prior¬ 
itization  is  based  on  the  views  of  the  decision-makers,  and  thus, 
the  accuracy  of  the  results  can  be  benefited  through  wilder  public 
perceptions.  (3)  The  aim  of  this  study  is  to  propose  a  modular 
approach  for  prioritizing  the  role  of  different  hydrogen  production 
technologies  in  promoting  the  development  of  hydrogen  economy 
in  China  according  to  the  current  conditions  of  China,  and  thus, 
five  hydrogen  production  pathways  have  been  selected  to  illus¬ 
trate  the  proposed  methodology.  The  stakeholders/decision¬ 
makers  can  add  more  pathways  according  to  their  preferences 
and  China's  future  conditions  in  the  followed  studies.  (4)  The 
proposed  group  decision-making  method  is  object-oriented  that  is 
not  limited  to  China  and  could  be  popularized  to  other  regions. 

A  further  work  that  can  assess  the  whole  hydrogen  infrastruc¬ 
tures  including  hydrogen  production  technologies,  hydrogen  sto¬ 
rage  &  transportation  and  hydrogen  applications  is  a  natural 
extension  of  this  study;  the  authors  is  planning  to  develop  a  novel 
multi-actors  multi-criteria  decision-making  method  for  ranking 
the  priority  sequence  of  hydrogen  infrastructures  in  China. 
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